Transition metal ions with long-lived spin states represent minimum size magnetic bits. Magnetic memory has often been associated with the combination of high spin and strong uniaxial magnetic anisotropy. Yet, slow magnetic relaxation has also been observed in some Kramers ions with dominant easy-plane magnetic anisotropy, albeit only under an external magnetic field.
Introduction
The discovery 1 of magnetic hysteresis near liquid Helium temperatures in high-spin molecular clusters, such as Mn 12 acetate, made these molecules promising candidates to act as either magnetic memories or quantum bits. However, fulfilling this promise, that is, synthesizing molecules with magnetic memory above room temperature has proven to be a hard nut to crack.
In close analogy with conventional magnetic bits, the slow relaxation of these single-molecule magnets (SMMs) arises from their strong magnetic anisotropy. 2, 3 The spin reversal is hindered by the presence of energy barriers separating states with opposite spin orientations M s along the anisotropy axis. In the simplest case of easy-axis uniaxial anisotropy, the barrier height amounts to approximately D S 2 , where D < 0 is a second-order axial anisotropy parameter and S is the molecular spin. Main efforts in this field have therefore been directed towards enhancing either D or S, or both. The negative sign of D (easy axis) was considered to be an important requirement because it energetically favours high |M s | states. If, by contrast, D is positive (easy plane) the ground state will be the M s = 0 singlet for systems with integer S and the M s = ±1/2 Kramers doublet for those with half-odd S. In a classical picture, a system with D > 0 has no barrier, as the spin is free to rotate within the easy plane, unless there is some in-plane anisotropy, e.g. given by a E(S x 2 -S y 2 ) term where E is a second order rhombic anisotropy parameter. Even then, the barrier height is expected to be significantly reduced with respect to the easy-axis case because of the condition E D/3 and spin tunneling rates are expected to be much higher, both of which contribute to erase magnetic memory.
In 2012, Long and co-workers 4 found that a mononuclear pseudo-tetrahedral Co II complex, slow magnetic relaxation, that is, it behaves as a SMM, when a small static magnetic field is applied to it. The same or similar behaviour has thereafter been reported for a number of other Co II complexes. [5] [6] [7] [8] [9] Worth of mention is also the study of Zadrozny et al. devoted to lineal Fe II complexes. 10 However, a detailed microscopic interpretation of this phenomenon is still missing.
In some cases 5 the temperature dependence of the spin-lattice relaxation rate could be fitted using the exponential dependence expected for a thermally activated, or Orbach, 11 
Results
Magnetic anisotropy and spin Hamiltonian The molecular structure of (1) is shown in Fig. 1 .
Each Co II ion occupies a site with distorted octahedral symmetry. The interaction with the crystal field stabilizes an orbital singlet with a high-spin S = 3/2 and a sizeable zero-field splitting. The electronic spin is subject to the action of external magnetic fields and to the hyperfine interaction with the I = 7/2 nuclear spin of Co. The magnetic behaviour of (1) can be approximately described with the following effective spin Hamiltonian
where ĝ and Â hf are the gyromagnetic and hyperfine tensors, respectively. The nuclear quadrupole term is omitted since its effect is not detectable in the electron paramagnetic resonance (EPR) spectra. inset shows the molecular structure of (1). b: Magnetization hysteresis curves measured at different temperatures on a single crystal of (1) by sweeping the magnetic field along its b crystallographic axis at a rate of 12.6 mT s -1 . c: X-band EPR powder spectrum of the diluted sample, compared with a simulation based on Eq. (1). d: Magnetic energy levels of the S = 3/2 ground multiplet calculated using the spin Hamiltonian (Eq. (1)) with a magnetic field applied along the easy axis y (notice the broken energy axis).
Below 30 K, the population of the ground electronic doublet exceeds 0.999, thus the system behaves as an effective electronic spin 1/2 system, split by Zeeman and hyperfine interactions. 17 although the latter predict a weaker magnetic anisotropy. This dependence can be fitted with the following expression:
11,19
where the first and second terms give, respectively, the contributions of one-phonon direct processes, dominant below approximately 3 K, and of two-phonon Raman processes, which give rise to a strong enhancement of the spin-lattice relaxation above this temperature. In this temperature region, -1 vs T data admit also an exponential fit
for a thermally activated Orbach process. However, the activation energies derived from these fits depend on temperature and they amount to approximately 14-17 cm -1 , thus one order of magnitude smaller than the energy gap between the ground and excited level doublets (see Fig. 1 and Table 1 ). Let us emphasize again the fact that Orbach processes should involve a "real"
transition to an intermediate magnetic energy level and that no such level exists at energies below 130 cm -1 from the ground level doublet. The magnetic field dependence of the dynamic susceptibility is remarkable. Despite the fact that depends little on magnetic field for 0 H 100 mT, the relaxation process gives rise to noticeable susceptibility changes only when a magnetic field is applied. The same applies to magnetization hysteresis curves (Fig. 1b) , whose up and down field sweeping branches merge as H 0. This behavior resembles closely that found for some other Co II ions with dominant easyplane anisotropy. [5] [6] [7] [8] [9] Two intriguing questions that need to be addressed are, on the one hand, why do Co II spins with D > 0 relax so slowly at low T and, on the other, why is this relaxation only visible under finite magnetic fields. In the following, we consider these two questions and propose a mechanism to account for the SMM behaviour of (1) and of other Kramers ions. Relaxation between Kramers-conjugate states can nevertheless proceed via Orbach or Raman processes. 19 However, the former are greatly suppressed by the fact that the zero-field splitting is much larger than temperature, and even close to the maximum energies of available phonons (see the inset of Supplementary Fig. 3 ). Only Raman processes retain some finite probabilities on account of their power-law (i.e. non-exponential) dependence on temperature. For Kramers ions, they give rise to -1 T 9 (Eq. (2)) and independent of magnetic field, 11 in good agreement with the experimental behavior observed above 3-4 K.
Yet, experiments (cf Fig. 2) show that direct processes are not completely forbidden; instead, they dominate relaxation below 3 K. The origin of this non-perfect cancellation has to be found in the presence of interactions that break time reversal symmetry, thus also the selection rule (Fig. 3b) . The linear magnetic response is then dominated by reversible, thus independent of frequency, changes of the wave-functions induced by the ac magnetic field (van Vleck susceptibility VV ). The situation changes as a dc magnetic field is applied. As a result of the Zeeman interaction, electronuclear spin states gradually acquire a nonzero magnetic moment (Fig. 3c) .
First-principles calculations of the spin dynamics
This pictorial interpretation is borne out by dynamical susceptibility calculations. The time-dependent populations P n of the electronuclear energy states n have been calculated using a Pauli master equation
where the W's are transition rates between different states induced by spin-phonon couplings. We use the following spin-phonon Hamiltonian where I is a parameter that sets the energy scale of nuclear spin-phonon interactions. The first term in Eq. (6) describes an electron spin-phonon coupling induced by the modulation of the leading magnetic anisotropy term DS z 2 . 21 The second term introduces a nuclear spin-phonon interaction. The direct coupling of nuclear spins to phonons is often neglected but, as we argue below, its influence might be crucial to account for the experiments. The transition rates can then be calculated, using first-order time-dependent perturbation theory as described in 
where is the density,  n'n (E n' -E n ) is the energy splitting between the final n' and initial n electronuclear spin states, f T ( n'n ) = n( n'n ) T and n( nn' ) T + 1 for n'n > 0 and < 0, respectively, and n(
is the thermal population of phonon modes.
The frequency-dependent susceptibility can be derived from the Pauli master equation following a method analogous to that described in Ref. [22] , which is detailed in Supplementary note 5.
The final expression reads
where the sum is over all relaxation modes, defined by the solutions of the Pauli master equation, each with a characteristic relaxation time , is the susceptibility amplitude relaxing at a rate -1 , and VV is the van-Vleck susceptibility.
Equation (8) provides a suitable basis to discuss how different spin dynamical processes contribute to the ac linear response. The first term is associated with phonon-induced "jumps" between energy levels. The second, VV, measures the contribution of quantum processes, including spin tunneling. Which of the two is slowest depends on the ratio of phonon-induced relaxation rates to Bohr frequencies or, equivalently, of level broadenings n ≈ ( n' W n' n ) to energy splittings  n'n . Using the parameters found for complex (1), we find that n < 10 -6 cm -1 for all levels from the electronic ground state doublet, thus much smaller than all energy splittings for any magnetic field 0 H > 10 -3 mT. Under these conditions, which likely apply also to other spin systems with dominant easy-plane anisotropy and fast tunneling rates, the frequency-dependence of ' and the onset of a nonzero " are entirely associated with phononinduced relaxation modes having -1 whereas VV is independent of and does not contribute to ". The amplitudes of these two contributions, characterized respectively by (or " max ) and VV , measure then the fraction of magnetization changes that are either "slow" or "fast". They can strongly depend on the relative magnitudes of those interactions included in the spin Hamiltonian (1). This is illustrated in Fig. 4 . For a Kramers electronic spin (I = 0, Fig. 4a ), " max > VV because energy states have a net magnetic moment and transitions between them
give the dominant contribution to . The relaxation rate vanishes as H 0 due to the selection rules associated with time-reversal symmetry, and to the fact that the two lowest lying energy eigenstates are degenerate at zero field (see Eq. (7)). Introducing the coupling to a I = 7/2 nuclear spin ( Fig. 4b) leads, near zero field, to entangled electronuclear spin states, with close to zero expectation values for all magnetic moment components. The susceptibility is then dominated by the reversible build-up of a magnetic moment for each of these states, characterized by a large VV while phonon-induced transitions (first term in Eq. (8)) give a smaller contribution. The decrease of VV and the increase of " max with increasing H reflect the onset of a net magnetic moment for each electronuclear state. A situation similar to that found in Fig. 4a is then recovered. In addition, the hyperfine interaction lifts Kramers degeneracy and breaks down the selection rule, thus it enhances -1 at low magnetic fields. As can be seen in Fig. 4c , the low-field behavior of -1 and, to a lesser extent " max , turns out to be determined by the strength of the nuclear spin-phonon coupling. We find a reasonable agreement with the experimental results (compare Figs. 2 and 5) using the coupling given by Eq.
(6) with I 0.5 cm -1 . This coupling is much larger than the maximum energy scales of the quadrupolar (P 3.3 10 -3 cm -1 ) and hyperfine (A ii 2.07 10 -2 cm -1 ) interactions acting on the nuclear spins in the static case. These results suggest, therefore, the existence of a highly efficient dynamical coupling, a priori unexpected considering the strength of the static quadrupolar interaction, between nuclear spins and molecular vibrations that strongly influences the overall spin relaxation. Its main effect, illustrated in Fig. 3d , is to allow phonon-induced transitions between states differing in their nuclear spin state only, thus breaking the selection rule m I = 0 that applies when nuclear spins are not coupled to phonons. Since the energy differences between such states hardly change with magnetic field (because the nuclear Zeeman effect is very small, see Fig. 1d ), the enhancement of -1 introduced by these additional relaxation channels depends little on H. As shown by Figs. 4c and Supplementary Fig. 6 , it dominates until it gets overtaken by the rate of direct transitions between spin-up and spin-down electronic states with m I = 0.
This effect accounts for the nearly constant relaxation rate observed below 100 mT.
Discussion
The slow spin-lattice relaxation of Co II ions with non-uniaxial magnetic anisotropy is the combined result of two main factors. First, the existence of a very strong magnetic anisotropy that, regardless of its sign, gives rise to a Kramers ground level doublet separated from the first excited one by a gap larger than typical acoustic phonon energies. And second, the van Vleck cancellation mechanism, which hinders direct phonon-induced transitions between states of the ground doublet as well as quantum tunneling processes. Relaxation turns out to be also a remarkable manifestation of electronuclear spin entanglement. Despite its relative weakness, the hyperfine interaction opens paths for magnetic relaxation that would otherwise be forbidden by time reversal symmetry and gives rise to spin states that mask the existence of such relaxation near zero field. Our results reveal also the existence of a rather strong nuclear spin-phonon interaction.
Based on the above arguments, it is also possible to suggest possible directions in the search for single-ion spin memories. Besides the two key ingredients mentioned above (half-integer spin and very strong anisotropy), hyperfine interactions need to be minimized in order to effectively block direct relaxation processes and, at the same time, stabilize states with well-defined spin projections (thus magnetically "readable"). Relaxation would then be mainly driven by Raman processes which can be either "frozen" by lowering temperature or suppressed by linking the molecular memories to substrates with sufficiently high Debye temperatures (thus low densities of thermal phonons).
Methods
Synthesis All reagents and solvents were purchased from commercial sources and used as received unless otherwise noted. 
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